We introduce a one-step histochemical method with cobalt as the precipitating agent for ferrocyanide for the light microscopic demonstration of acetylcholinesterase activity. This method was used to demonstrate acetylcholinesterase in normal cortical fibers and neurons, as well as pathological elements such as plaques and tangles. This procedure can also
Introduction
The enzyme acetylcholinesterase (AChE) is abundant in the central and peripheral nervous system and is localized in many neuronal perikarya as well as fibers. More recently, AChE activity has been localized within plaques and tangles of Alzheimer's disease (AD) (1,9-11). The two most widely used methods for the light microscopic demonstration of acetylcholinesterase activity are those introduced by Koelle and Friedenwald (6,7,14) and by Karnovsky and Roots (5.13). Many additional methods have been described. Those reported by Hedreen et al. (4) and by %go et al. (12) combine the fundamental reaction of the Kamovsky-Roots method with silver intensification and diaminobenzidine (DAB) oxidation, respectively.
These modifications haw improved histochemical sensitivity considerably, but they do not readily lend themselves to combined procedures with immunohistochemical methods based on diaminobenzidine. Although some AChE methods can be combined with DAB-based immunohistochemistry (3,8), these show relatively low resolution or sensitivity for the demonstration of cortical fibers, plaques, and tangles. The purpose of this study was to find a procedure sufficiently sensitive for the demonstration of AChE within cortical fibers, plaques, and tangles that would also be compatible with DABbased immunohistochemistry.
Materials and Methods

Tissue
The brains of three females (62,80, and 83 years old) with a clinical history of dementia and one neurologically normal man (20 years old) were obtained during autopsy at a post-mortem interval of 18 hr, 25 hr, 5 hr, and 9 hr, respectively. The brains of two monkeys (Macacafascicuiaris) were rem m d within 1 hr post mortem. Coronal slices (approximately 2.5 un thick) of all brain tissue were immersed in 4% paraformaldehyde (3% paraformaldehyde for one monkey brain) at 4'C for 30 hr. After fmtion, the tissue was immersed in 10,20, 30, and 40% sucrose in 0.1 M phosphate b a r solution. Sections were cut on a freezing microtome at 40 pm and kept in phosphate buffer at 4'C containing 0.02% sodium azide. The diagnosis of Alzheimer's disease (AD) in the brains from demented patients was confirmed by thioflavin-b staining.
Histochemistry
Tissue sections were incubated free floating (without shaking) or mounted on chromalum-subbed slides and air-dried at room temperature for 1-2 hr. Just before incubation, tissue sections were rinsed in 0.1 M maleate buffer with the same pH as the incubation solution. Sections were incubated at room temperature for 0.5-4 hr and the reaction was stopped by rinsing sections in distilled H20. Slides were dehydrated through a graded series of ethanol and coverslipped from xylene with Permount.
1 I
COBALT-FERROCYANIDE METHOD Cobalt-Ferrocyanide Incubation Media. The optimal incubation medium contained 0.1 M maleate buffer, 5.0 mM sodium citrate, 0.36 mM acetylthiocholine iodide (ATChl), 3.15 mM cobalt chloride, 2.5 mM potassium ferricyanide, and 0.1 mM iso-OMPA or ethopropazine at pH 7.25. The optimal incubation parameters were determined after various concentrations and ratios of citrate, cobalt, ferricyanide, and ATChl were tried. The pH was varied from 5.5 to 9.
Sections processed with the cobalt-ferrocyanide method were compared with tissue processed with Tago's method (8, 9 ,10) at pH 6.8 or 8.0 or with sections processed according to the method described by Hedreen et al. (4) .
Control sections were incubated in a medium without ATChl or in medium containing 0.2 mM of the specific AChE inhibitor BW 284C51 (Sigma; St. Louis. MO) or 0.2 mM of the specific butyrylcholinesterase (BChE) inhibitor iso-OMPA (Sigma).
Combination of Histochemistry with Immunohistochemistry
Normal human brain and monkey sections were incubated after being mounted and air-dried on slides or free floating in the above recommended medium at pH 7.25 before immunohistochemistry with anti-calbindin D28k antiserum (generously provided by Dr. M. Celio) or an antibody against non-phosphorylated neurofilament (SMI 32; Sternberger-Meyer Immunochemicals, Jarretsville, MD). A common ABC (Vector Laboratories; Burlingame, CA) protocol was used for DAB-peroxidase immunohistochemistry. Some sections were processed for immunohistochemistry first, then mounted on slides, air-dried, and incubated for histochemistry. For free-floating sections, nonspecific precipitation was held in check by placing the tissue in fresh incubation medium prepared by addition of ferricyanide to a stock solution of the medium every 40-60 min.
Some ferrocyanide compounds, such as copper-ferrocyanide, have been shown to possess peroxidatic activity and to oxidize DAB in the presence of H202 (12). To assess the possible peroxidatic activity of the cobalt-ferrocyanide precipitate, some sections were rinsed in 0.1 M %is buffer at pH 7.6 and then treated with 0.05% DAB (Sigma) in 0.1 M Tris buffer and 0.016% H202 for 15 min after incubation in the ACM reaction medium described above.
Results
A green cobalt-ferrocyanide precipitate was obtained at sites of AChE activity. With the medium described above, we obtained staining of cortical and subcortical neurons and cortical fibers after 1-3-hr incubation at room temperature (Figures la and Ib) . In neuropathological material, AChE-positive tangles and plaques were visualized after an incubation for 1-2 hr at room temperature ( Figure IC) . Sections could be incubated free floating or premounted on subbed sides with good results. The resulting distribution of staining was identical to that obtained with Hedreen's or Ego's method (4,12). The sensitivity was comparable, although not superior, to the method of Hedreen and less than the method of Tago, especially for the demonstration of AChE in plaques and tangles. Therefore, comparable incubation times resulted in good visualization of AChE-positive neurons and mons by all three methods. The stained plaques and tangles appeared a bit lighter in the current method as compared with the modified Tigo method (2,9,10). This is most likely due to the color of the reaction product. The Hedreen method results in a dark-brown to black reaction product and the end product in the Tag0 method is bluish-gray. The final reaction product in the method described here, however, is a light green (Figure 1 ) which lends itself very well to combination with other histochemical or immunohistochemical procedures. In addition, whereas the Ego method requires different pH for optimal AChE staining of normal neurons and mons (pH 8.0) as compared to plaques and tangles (pH 7.0). our studies with the cobalt-ferrocyanide method showed the best staining of all of these elements at an intermediate pH of 7.25. Consistent with our previous observations (2), specificity of the reaction product could be confirmed by complete inhibition of the histochemical reaction after addition of 0.2 mM BW 284C51 as an AChE inhibitor and by the lack of cobalt-ferrocyanide precipitation after incubation in the substrate-free medium for up to 7 hr.
The best combination of AChE histochemistry and DAB immunohistochemistry was obtained when sections were incubated free floating in the cobalt ferricyanide incubation medium first, followed by immunohistochemistry (Figures la, Ib) . With the antisera we used, good results were also obtained when sections were mounted on slides and air-dried before processing. The least satisfying staining of AChE activity, especially in cortical fibers, resulted from immunohistochemical staining done before histochemistry.
Sections processed for AChE histochemistry followed by DABIH202 treatment failed to show any DAB reaction product. Therefore, we concluded that the cobalt-ferrocyanide reaction product in our method does not interfere with immunohistochemistry based on the DAB reaction product.
Protocol Summary
For histochemistry alone, we recommend the following procedure: rinse mounted and air-dried sections in 0.1 M maleate buffer pH 7.25, transfer to incubation medium containing 0.1 M maleate buffer, 5.0 mM sodium citrate, 0.36 mM ATChl, 3.15 mM cobalt chloride, and 2.5 mM potassium ferricyanide at pH 7.25, including 0.2 mM iso-OMPA if necessary; incubate at room temperature, check reaction under microscope, and stop after 0.5-3 hr by rinsing in distilled water; dehydrate and coverslip. For the combination of AChE histochemistry and immunohistochemistry, we mommend an incubation of free-floating sections in the above medium before the processing for immunohistochemistry. For free-floating incubation, a stock solution of the incubation medium without ferricyanide is kept at 4'C and every 40-60 min the tissue is placed in fresh incubation medium, prepared by addition of ferricyanide to the stock solution. 
Discussion
We describe a one-step cobalt-ferrocyanide modification ofthe original copper-ferrocyanide-based method reported by Karnovsky and Roots ( 5~3 ) .
The cobalt-ferrocyanide method reliably demonstrates AChE-positive cortical fibers, cortical and subcortical neurons, and also plaques and tangles in neuropathological material. The major advantage of this method is that it can be easily combined with DAB immunohistochemistry, because the green color of the precipitated cobalt-ferrocyanide is easily distinguishable from the brown DAB polymer. The methods described by Levey et al. (8) and Hardy et al. (3) provide excellent concurrent visualization of perikaryal AChE and immunohistochemical reaction product, but are based on a Koelle-Friedenwald (6,7) procedure, which does not consistently reveal AChE within cortical axons, plaques, and tangles.
